Introduction
Dismantlable adhesive materials which achieve both strong bonding during use and easy debonding on demand have attracted much attention in various fields such as die manufacturing processes, sealants, residential interiors, and adhesive plasters [1] . We have previously reported dismantlable adhesive systems employing property changes induced by main-chain degradation [2, 3] and side-chain reaction of polymers [4] [5] [6] .
Poly(tert-butyl acrylate) (PtBA) is a side-chain degradable polymer to form poly(acrylic acid) (PAA) and gaseous isobutene (IB) with an increase in T g and bubble elimination. High molecular weight of acrylic block copolymers consisting of a PtBA and an appropriate soft segment showed good adhesion properties as a pressure sensitive adhesive (PSA) and resulted in marked decrease in peel strength after side-chain reactions, i.e., after dismantling treatment [5, 6] . After dismantling, some block copolymers resulted in interfacial failure between an adhesive polymer and a polyethylene terephthalate (PET) support film, whereas random copolymers having similar compositions to the block copolymers brought about insufficient decrease in the peel strength and stick-slip failure. Despite a strong requirement and an importance to control dismantling behavior including failure modes considering practical application, the crucial factor to determine dismantling behavior have not been clearly revealed yet. In this study, the dismantling behavior of acrylic random and block copolymers was investigated based on the observation of cross-sectional and surface images of adhesive layer and thermal analysis.
Experimental
Acrylic random and block copolymers were synthesized by organotellurium-mediated living radical polymerization of tert-butyl acrylate (tBA), 2-ethylhexyl acrylate (2EHA), and 2-hydroxyethyl acrylate (HEA) ( Table 1) . Table 1 . Characteristics of a random copolymer (P(tBA x -co-2EHA y -co-HEA z )) and block copolymers (PtBA w -b-P(tBA x -co-2EHA y -co-HEA z )). The FT-IR measurements were performed on a JACSO FT/IR-410. The differential scanning calorimetric (DSC) analysis was performed using a Seiko EXSTAR6000 at the heating rate of 10C/min. The thermogravimetric analyses (TG) were performed using a Seiko EXSTAR6000 at the heating rate of 10°C/min in a nitrogen stream at the flow rate of 200 mL/min.
Surface and cross-sectional observation of adhesive layers was performed on a digital micrograph Keyence VHX-500 with reflection mode and a scanning electron microscope (SEM) Keyence VE7800, respectively. The thickness of adhesive layer was measured by a Mitsutoyo thickness gage 7327.
To random and block copolymers, N-hydroxynaphthalimide triflate (NIT, 99%, Sigma-Aldrich Co.) as a photoacid generator (PAG) was added (0.8 mol% to tBA units) and their 0.15wt% of toluene solution was applied on a PET support film (50 m thickness) by a Baker type film applicator (200 m gap). The film was dried in vacuo for 12 h in the dark, cut to appropriate size, and pressure bonded on SUS430 plate using 2 kg of hand roller. As a dismantling treatment, photoirradiation using a Toshiba SHL-100UVQ-2 from 10 cm distance for 1 h and postbaking at 100 C for 1 h were applied on peel specimens. If not otherwise specified, specimens were postbaked PET side up. The specimen for a cross-sectional observation was cooled to -78 C, and the adhesive tape was cut by guillotine blade followed by gold deposition using a magnetron sputter machine MPS-1S.
The 180 peel test was performed according to "ASTM D3330, standard test method for peel adhesion of pressure-sensitive tape" methods, using a Shimazu universal testing machine, AGS-1kNX, with a 1 kN load cell with 30 mm/mim at 25 C.
Results and discussion
The progress of side-chain degradation of tBA units in the presence of NIT as a PAG after the dismantling treatment, i.e., photoirradiation for 1 h and postbaking at 100 C for 1 h, was monitored by IR spectroscopy. For all three polymers, R1, B1, and B2, the characteristic peak due to the tert-butyl group at 846 cm -1 was disappeared after the dismantling treatment showing quantitative side-chain degradation. In the absence of acid catalyst, the 5% weight loss temperature (T d5 ) of R1 (T d5 = 253 C) was higher than those of B1 (T d5 = 240 C) and PtBA (T d5 = 235 C). Compared to the case of R1, the TG curve of B1 resulted in a steep weight loss around T d5 corresponding to IB elimination and dehydration (Fig. 1) .
The different degradation kinetics observed in the absence of an acid catalyst can be attributed to the acceleration of side-chain degradation by neighboring acrylic acid (AA) unit [7] . After the dismantling treatment, the polymers containing HEA units, R1 and B1, turned into insoluble in acetone, whereas the polymer without a HEA unit, B2, was soluble in acetone. We previously reports that acrylic polymers containing HEA units undergo transesterification in the presence of an acid catalyst and result in cross-linking [5, 6] . The fact that B2 is soluble after the dismantling treatment shows that cross-linking by dehydration of carboxyl groups does not proceed under the current conditions.
The results of the 180 peel tests before and after the dismantling treatment are summarized in Table 2 . Both R1 and B1 showed good adhesion properties as a PSA before treatment, i.e., strong 180 peel strength with interfacial failure between the SUS and the adhesive layer. After the dismantling treatment, B1 resulted in a significant decrease in the 180 peel strength to less than 3% of the initial value with interfacial failure between the PET and the adhesive layer. When the peel specimen was postbaked SUS side up and PET side down, PET interfacial failure was also observed. In the case of R1, the 180 peel strength was decreased to only 20 % of the initial value and cohesive failure was observed. In the case of B2, very weak peel strength and cohesive Fig. 1 . TG curves for R1 ( -) and B1 ( --) in the absence of an acid catalyst. failure was observed before and after the dismantling treatment. Similarly we observed deterioration in the dismantling behavior of random copolymers having a similar composition to block copolymers, and poor adhesion properties of polymers not containing HEA units [6] .
After the dismantling treatment, peel specimens of R1 and B1 were resulted in an increase in the thickness of an adhesive layer (d) from 20 ± 3 to 66 ± 7 m and from 18 ± 9 to 34 ± 6 m, respectively, because of the expansion of adhesive layers by bubble formation as described later. After the dismantling treatment, the whole adhesive layer of R1 was changed to opaque, whereas B1 was resulted in transparent and opaque parts, the ratio of which was roughly three to seven for transparent to opaque (Fig. 2) .
The T g changes before and after the side-chain reactions, i.e., conversion of tBA units to AA units and cross-linking, are summarized in Table 3 . The T g value of R1 was slightly increased from -39 to -31 C. One might expect that the T g value of R1 significantly increases because T g of PAA (103 C) [8] is higher than that of PtBA (43 C). However, the calculated T g value for R1 based on the Fox equation was decreased by the transformation of tBA units to AA units because the mass fraction AA was lower than that of tBA. In the case of B1, two T g values were observed due to microphase separation and the T g of the soft segment, P(tBA 7.9 -co-2EHA 52.0 -co-HEA 7.8 ), was slightly increased from -59 to -51 and the T g for the hard segment, PtBA, was significantly increased from 43 to 118 C by the side-chain reaction. The result clearly shows that the microphase-separated structure is maintained after the side-chain degradation.
It should be mentioned that the T g value for the soft segment of B2 was decreased from -67 to -73 C and thus the increases in T g in R1 and the soft segment of B1 seemed to be due to cross-linking. The difference in heat capacity (C p ) at glass transition of R1 and the soft segment of B1 were decreased after the side-chain reaction, and R1 resulted in more pronounced decrease probably due to the higher content of tBA units in R1 than that in the soft The cross-sectional SEM images of adhesive layers were observed. Tightly adhered interfaces were observed for R1 and B1 before dismantling ( Fig. 3(a) and (c) ).
After the dismantling treatment of R1, pillar-like adhesives separated by void space were observed between PET support film and SUS plate (Fig. 3(b) ). It is expected that the void space is formed by IB elimination and is the reason for the increased thickness of an adhesive layer as mentioned above.
The decreased cohesive force of R1 can be rationalized by the void formation. The opaque parts of B1 also resulted in similar pillar-like structures with void space (Fig. 3(d) ).
In contrast, at the transparent parts of B1, ridge-shaped adhesives stuck to SUS was observed and void space existed between a PET support film and an adhesive (Fig.  3(e) ). Interestingly, even at the opaque parts, B1 resulted in PET interfacial failure.
The digital microscope images of adhesive layers were observed over the PET support films of the peel specimens after the dismantling treatment (Fig. 4) . Both R1 and B1 resulted in a dendritic pattern and a similar dendritic pattern was also observed after dismantling treatment of B2, whereas only flat and smooth adhesive layer was observed before the dismantling treatment. In the case of polymers without tBA units, flat and smooth adhesive layer was observed even after the dismantling treatment. These results show that the volume shrinkage of adhesive polymers by IB elimination during side-chain degradation caused the dendritic pattern.
The dendritic pattern observed by the digital microscope corresponds to pillar-like and/or ridge-shaped adhesives observed by SEM. In the some magnified images of B1, a number of small holes ranging from 1 to 10 m, one of which was indicated by a white arrow in Fig.  4(b) , were observed on the ridge-shaped adhesive polymer, whereas such holes were not observed all over the specimen using R1. It is expected that a part of IB gas generated in the hard segment of B1, PtBA, is eliminated passing through the soft segment and is released to interface between an adhesive and a PET support film probably because of strong interfacial interaction between SUS and hydrophilic AA units in adhesives.
As shown by the cross-sectional and surface images of adhesive layers, the formation of void between a PET support film and an adhesive layer is one of the reasons for the PET interfacial failure of B1 after the dismantling. However, a major part of B1 specimens was occupied by pillar-like structures, even where PET interfacial failure was observed.
It seems that the macroscopic morphology of adhesive layers is not only factors to determine failure modes. Although both R1 and the soft segment of B1 have much lower T g than room temperature, their mechanical properties seems to be different after the dismantling treatment as being indicated by C p values. The fact that B2 is resulted in cohesive failure in spite of very low peel strength after the dismantling suggests the important role of cross-linking on cohesive force.
